Land plants exhibit a wide variety of defences that deter the consumption of leaves and stems, including trichomes (hairs), thorns, and thick cuticles. In many plants, trichomes are hooked or inclined to the leaf or stem surface, and the teeth on leaf margins point either apically or more rarely toward the base. The role of these anisotropic structures as potential defences has been largely ignored. In the present study, it is proposed that apically oriented surface features function as ratchets directing the movements of small herbivores toward the leaf ends and ultimately off the leaf, whereas basally oriented protrusions interfere with the ascent of consumers to the upper parts of the plant. These proposed defencive functions do not exclude other potential benefits of anisotropic features, such as self-cleaning of surfaces. The proposed defencive role of apically oriented trichomes and teeth may represent an unusual class of physical defences that speed up rather than slow down encounters between enemies and their plant victims.
INTRODUCTION
As stationary organisms, plants offer abundant and accessible food for legions of herbivores, ranging from small arthropods to large vertebrates. Intense natural selection as a result of consumers has led to the evolution of a bewildering array of defences for vegetative organs, especially stems and leaves. The most intensively studied countermeasures to herbivory are secondary metabolites, although most plants also possess structural and sometimes animal-assisted deterrents (Sack et al., 2008) .
Structural properties that slow down herbivores or make tissues less accessible include spininess, abrasiveness as a result of silica, pubescence as a result of nonglandular hairs (trichomes), hidden meristems, stickiness, toughness, small leaf size, and high-angle branching with leaves inside a welter of twigs (Corner, 1964; Levin, 1973; Johnson, 1975; Brown, Lawton & Grubb, 1991; D ıaz et al., 2007; Hanley et al., 2007) . Waxes and high leaf mobility (fluttering in the wind) cause small arthropods to lose their grip and fall off (Jeffree, 1986; Bernays, 1991; Yamazaki, 2011) . Network leaf venation provides a redundancy of function when damage does occur (Vermeij, 2004) .
One category of potential structural defences of plants that has received very little attention comprises the trichomes, spines, scales, and marginal teeth of serrations that are either hooked or oriented at an acute angle to the leaf edge, leaf surface or stem. These anisotropic projections point either apically toward the top of the plant or the distal ends of the leaf, or downward toward the base. Their general effect is to act as a ratchet, favouring the movement of animals, fluids or the plant itself in one direction more than in other directions (Wolgemuth, 2009; Hancock, Sekeroglu & Demirel, 2012) . Anisotropic structures in plants have been shown to promote the burial of seeds in soil (Kuli c et al., 2009) , to allow climbing plants to initiate attachment and cling to neighbouring plants (Schenck, 1892; Haberlandt, 1914; Putz, 1984 Putz, , 1990 Krings & Kerp, 1999; Bauer et al., 2011) , to trap or puncture small arthropods (McKinney, 1938; de Fluiter & Ankersmit, 1948; Johnson, 1953; Schillinger & Gallun, 1968; Gilbert, 1971; Pillemer & Tingey, 1976 , 1978 Sutherst & Wilson, 1986; Quiring, Timmins & Park, 1992) , to guide prey insects to their doom in the leaves of *Corresponding author. E-mail: gjvermeij@ucdavis.edu 288 carnivorous plants (Haberlandt, 1914; Voigt & Gorb, 2008; Bauer et al., 2013) , and to speed the drainage of water from surfaces (Hancock et al., 2012) .
The studies cited above, as well as general reviews of plant-surface characteristics (Beck, 1965; Juniper & Jeffree, 1983; Southwood, 1986; Vogel, 1988; Endara & Coley, 2011) , have almost universally overlooked an obvious and potentially effective way in which anisotropic surfaces and edges could limit access of herbivores to plants. Haberlandt (1914: 126, 210-211) noted the possibility that insects ascending plants would encounter resistance from downwardly pointing hairs. Kevan, Chaloner & Savile (1975) also noted that upwardly pointing spines on leafless Early Devonian vascular plants might have directed arthropods toward the sporangia so that these animals disperse the spores as they ate. The hypothesis proposed in the present study, namely that asymmetrically disposed features lead small herbivorous arthropods inexorably toward the ends of leaves, was considered en passant for Mesozoic cycadeophytes (Moisan et al., 2011; Pott et al., 2012) , although the implications of this potential antiherbivore defence have not previously been considered.
The present study first describes the types, variations, and distribution of anisotropic features within and among plants. Second, a novel hypothesis for the adaptive, antiherbivorous significance of anisotropic trichomes, scales, teeth, and serrations is considered and proposed, together with possible alternatives or contributing explanations.
MATERIAL AND METHODS
The observations prompting the present study were made on numerous visits to coastal California, as well as to the University of California, Davis, Arboretum and greenhouses; Hortus Botanicus in Leiden; and tropical rain forests in Costa Rica and on Barro Colorado Island, Panama. An informal survery of plants (mainly herbaceous species but also some shrubs and small trees) was carried out on coastal meadows (excluding salt marshes) in the vicinity of Bodega Bay, California, on 17 and 18 April, 2015. The presence or absence of trichomes on stems or leaves, the orientation of trichomes or scales, and the presence and orientation of marginal serrations, were all noted.
TYPES OF ANISOTROPY
The most common anisotropic condition in plants is the adapical orientation of marginal and surface features. Apically oriented leaf teeth are extremely widespread in dicotyledonous angiosperms, and similarly oriented protrusions are almost the rule in members of the Poaceae and Cyperaceae. Similar features adorn the needles of many pines (Pinus spp.), the segments of horsetails (Equisetum spp.), and the pinnule margins of many ferns. Hooked trichomes and apically directed leaf teeth are known in fossil plants as old as the Late Carboniferous (Krings & Kerp, 1999) .
Anisotropic trichomes may occur on one or both surfaces of leaf depending on the species. Asymmetric roughening occurs on both the upper (adaxial) and lower (abaxial) surfaces of the leaves of Cucurbita (pumpkins and squashes), Helianthus (sunflower), and the rosaceous genus Geum. In Cecropia (Moraceae), the adaxial surface is covered with adapically oriented trichomes, whereas the abaxial side is more densely pubescent, with the hairs oriented at right angles to the leaf surface.
In Yucca recurvifolia (Agavaceae), the underside of the long leaf has adapically oriented trichomes, whereas the upper surface is macroscopically smooth. The Californian asteraceous herb Psathyretos annua has adapically oriented trichomes on both leaf surfaces and coarser trichomes on the stem that appear to lack a preferred orientation. In the marshdwelling Californian mint Stachys chamaessonis (Menthaceae), barbs on the stem point downward, whereas the trichomes on both leaf surfaces have no obvious anisotropy. In the Californian herb Amsinckia menziesii (Boraginaceae), trichomes on the abaxial surface of the narrow stem leaves are apically oriented, whereas those on the upper surface are less obviously anisotropic.
A much less common condition occurs in Galium aparine, Asperula aparine, and Rubia tinctorum (Rubiaceae). In these plants, all leaf surfaces are strongly anisotropic, with the trichomes pointing toward the base of leaves and stems. This anisotropy is associated with the scrambling habit in G. aparine but not in the other species, and is therefore likely to function in ways besides clinging to neighbouring plants.
Although rarely mentioned, many plants exhibit a reversal in the direction of anisotropy on their surfaces. Downwardly directed trichomes, prickles or spines are concentrated on the stem or on the basal portions of rosette leaves; whereas apically directed or hooked features occur on the distal portions of rosette leaves or on the upper part of the plant. In many species of Rosa, for example, spines along the stem tend to be downwardly hooked, whereas prickles on the major veins and serrations along the leaf margins have an adapical orientation. In Agave marmorata (Agavaceae) and the bromeliad Canistrum lindinii, basal prickles along the leaf margins point downward, whereas prickles on the distal two-thirds to three-quarters of the leaf margin point toward the leaf apex. In many grasses such as species of Pennisetum and Lolium, the stem below the infloresence has downwardly pointing fine trichomes, whereas the margins and surfaces of the leaves show adapical anisotropy. The twining vine Humulus lupulus (Urticaceae) has downwardly pointing trichomes on the stem but apically oriented ones on both surfaces of the leaves. A similar condition occurs in Lantana (Verbenaceae). The eastern North American mulberry Morus alba (Moraceae) has downwardly pointing trichomes on the leaf petioles and apically oriented trichomes on the upper side of the leaf; trichomes on the leaf's underside are not anisotropically oriented.
INCIDENCE OF ANISOTROPY
The preliminary survey of 80 plant species in the meadows and dunes in the vicinity of Bodega Bay, California, indicated 18 species with trichomes (22.5%), of which five (6.3% of the total) were anisotropic; another five species (four grasses and a species of Equisetum) had anisotropic surfaces imparted by silica bodies. Anisotropic surfaces therefore occurred in 10 species (12.5% of the total). Anisotropic serrations occurred in five species (6.3%), all different from those with anisotropic surfaces.
Anistropic surfaces and edges are essentially unknown among tropical rain-forest canopy trees, salt-marsh and mangrove plants, redwood-forest species in both the canopy and understory, and submerged water plants. Trichomes on sticky leaves also do not appear to exhibit anisotropy.
THE HYPOTHESIS
When a small herbivore moves on an anisotropic surface or along an edge with asymmetrically disposed serrations or teeth, it is directed by differential friction along a path of least resistance. For apically (or upwardly) directed features, this path leads to the end or ends of the leaf where, given the difficulty of return, the herbivore would fall off. Bernays (1991) has shown that insects losing their grip on leaves and falling to the ground are subject to predation that may be even more intense than it would be if the insect were still on the plant. Downwardly projecting serrations, scales or trichomes would make ascent to the upper parts of the plant more difficult for a small herbivore (Haberlandt, 1914) . Plant surfaces and edges can therefore direct enemy traffic either toward the exits or restrict it to parts near the ground.
The cases of anisotropic reversal between lower and upper reaches of a plant or leaf indicate a dual economic 'strategy' of defence. The first line of defence is preventing ascent of herbivores by impeding movement. If that fails, the second line of defence is to minimise damage by directing the enemy toward the ends of leaves, which are most susceptible to desiccation and where injury least compromises the photosynthetic and hydraulic functions of the leaf. Rather than interfering with locomotion, this second phase of resistance hastens the departure of the unwanted guest not by making adhesion to the leaf surface difficult but by manipulating the locomotor behaviour of the herbivore.
The potential benefits of an anisotropic surface should be especially great for large or long leaves because of the large absolute difference in time between moving with and moving against the obstacles provided by hooked or inclined trichomes. For small leaves, this time difference will be small. Moreover, a given arthropod is more likely to consume a whole small leaf than a whole large one, and the loss to a plant of a small leaf is less costly than that of a large one.
The small-scale anisotropic defence suggested here for some land plants would be effective largely against small, flightless herbivores such as caterpillars, orthopteran nymphs, and hemipterans, especially those that must grip the surface or edge on which they are moving. Leaf-miners, stem-borers, gallers, and flying insects should be less affected insofar as they do not move along stems or leaves. Larger-scale features such as hooked spines or prickles would interfere with larger herbivores' movements, especially if the thorny stems or leaves are close together, so that the enemy becomes ensnared. This ensnaring function has been suggested for the desert bromeliad Puya raimondii, in which the downwardly pointing marginal spines of the leaves trap small mammals (Rees & Roe, 1980) . Consistent with the appearance of foliage-feeding during the Late Early Carboniferous (Ianuzzi & Labandeira, 2008) , anisotropic trichomes are known in ferns as far back as the Late Carboniferous (Krings & Kerp, 1999; Krings et al., 2003) and have also been described in some Triassic and Jurassic cycadeophytes (Moisan et al., 2011; Pott et al., 2012) . It is not known when anisotropic marginal leaf teeth first appear in the fossil record.
OTHER HYPOTHESES
A potential alternative or complement to the hypothesis proposed here is that anisotropic leaf surfaces function in self-cleaning by shedding water. Rapid drainage limits the establishment and accumulation of dust and epiphylls, which interfere with photosynthesis. Water repellence in many plants is enhanced by the presence of micropapillae and wax crystals, which create small-scale roughness on the leaf surface and enable droplets to roll off, often aided by wind and gravity (Neinhuis & Barthlott, 1997; Holder, 2007; Hsu, Woan & Sigmund, 2011; Bixler & Bhushan, 2013; Fritsch, Willmott & Taylor, 2013; Watson, Gellender & Watson, 2014) . The crystals and other microtopographic features promoting drainage are sometimes anisotropic (Hsu et al., 2011; Bixler & Bhushan, 2013; Fritsch et al., 2013) and some may be situated on hinged trichomes, although the ability of leaves to shed water and contaminants is not obviously linked to the presence of adapically oriented or hooked hairs.
The tendency for water droplets to collect at and drain from leaf margins is likely enhanced by the presence of marginal teeth (Feild et al., 2005) . It remains unclear, however, whether the abapical orientation of teeth improves this function.
Two other possible means of quickly shedding water from leaf surfaces do not appear to be associated with anisotropic features. One of these, an adaxially convex and abaxially concave leaf profile in leaves splayed horizontally, is common in mediterranean-climate shrubs and small trees, such as many species of oak (Quercus) and holly (Ilex) and the Chilean boldo (Peumus boldus), as well as in tropical elfin-forest plants (Howard, 1969) . The undersides of such leaves are often hairy, although the hairs are not anisotropic, and the upper surface is either smooth or isotropically roughened. To my knowledge, the possible water-shedding function of this leaf morphology has been neither suggested, nor investigated previously. The other means of draining water, which has been experimentally verified, is the long, drawn-out leaf apex or 'drip tip' characteristic of tropical rain-forest canopy trees (Lightbody, 1985; Ivey & De Silva, 2001; Farji-Brener et al., 2002; Burd, 2007; Malhado et al., 2012; Meng et al., 2014) . Leaves with a drip tip are almost always smooth and have entire margins (Malhado et al., 2012) .
Marginal teeth are associated in young, fast-growing and short-lived temperate leaves with higher carbon gain (Royer & Wilf, 2006; Royer et al., 2012) by promoting gas exchange. It is unclear whether an anisotropic orientation of marginal teeth would affect this function.
Finally, pubescence can protect plants against excessive radiation under desert conditions (Ehleringer, Bjorkman & Mooney, 1976) and retard evaporative water loss (Woodman & Fernandes, 1991) . These functions would presumably be effective whether the protruding hairs are symmetrically or asymmetrically disposed to the leaf surfaces.
None of these other hypotheses adequately accounts for the observation that anisotropic trichomes often occur on (and indeed only on) the undersides of leaves, which are not exposed directly either to rain or radiation. At the very least, therefore, anisotropic features of leaves are likely to function in ways other than or in addition to water drainage, hydraulics and thermal regulation.
DISCUSSION
An evaluation of the hypothesis proposed here will require careful observations on the locomotor and feeding behaviour of herbivores, especially small ones. Simple tests in which different species or different morphs of a plant are offered to herbivores to assess 'preference' or susceptibility to attack are inadequate for assessing the function of anisotropic features or many other plant attributes as physical defence against herbivores. The outcomes of such tests indicate effects but do not illuminate the mechanisms underlying those effects. Only behavioural observations can establish how a particular physical attribute affects the activities of an enemy and how the potential defence works. As a secondary test, damage by herbivorous insects can be compared between leaves with anisotropic trichomes and those in which the trichomes are oriented perpendicular to the surface. Anisotropy should result in less damage as long as leaf lifespan and chemical defences are similar in the leaves being compared.
Comparative studies have identified a general trade-off between leaf longevity, which is correlated with traits conferring toughness and other forms of resistance to herbivores, and photosynthetic capacity, which is often linked to low antiherbivore resistance (Southwood, Brown & Reader, 1986; Reich, Walters & Ellsworth, 1992; Wright et al., 2004; Onoda et al., 2011; Osnas et al., 2013) . This trade-off represents the main axis of variation in the so-called leaf-economics spectrum. As in animals, greater investment in defence comes at the expense of rapid growth. It is noteworthy, however, that the anisotropic defence highlighted in the present study does not fit easily into this framework. Similar to chemical defences that can be translocated from one part of the plant to another as a direct response to enemy attack (Robinson, 1990 ), anisotropic structures can be an effective deterrent in fast-growing leaves with high photosynthetic capacity and a short lifespan. It may prove to be the case that anisotropy is a relatively cheap constitutive defence that is more common in short-leaved plants or leaves than in plants with thick leathery foliage. The economics of defence and growth will likely prove to be more complex than is portrayed in current models of the leaf-economics spectrum.
The category of anisotropic defences explored here is unusual among enemy-related deterrents in speeding up an encounter between an enemy and its victim. In both plants and animals, most defences that function during the subjugation/resistance phase of an attack slow down and reduce the effective power of the enemy by making the attacker work harder or longer. A toxic exterior, slippery surface, and warning signals tend to limit contact between enemy and victim or to prevent contact in the first place, although they do not as a rule speed or direct locomotor activity of an attacker as anisotropic features are proposed to do.
CONCLUSIONS
The hypothesis that some surface features of plant leaves and stems direct the locomotor activity of small herbivores by creating greater friction in some directions rather than in others remains speculative. It will be important not only to test how effective this purported defence is against arthropods and other small herbivores that exhibit various locomotor and feeding behaviours, but also to document the ecological distribution of these anisotropic features. Anisotropic surfaces are common among animals, although whether any function in ways comparable to that suggested here for some land plants is unknown
